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Abstract 
The increasing thermomechanical strength of modern materials for aerospace industry is accompanied by a challenging conventional 
machinability via cutting. This applies particularly to J-TiAl alloys. In principle Electric Discharge Machining (EDM) processes are ideal for 
machining these materials, since they are independent of the material’s mechanical properties and capable of machining complex structures. 
Seal slots in blades of compressors and turbines are one example. Manufacturers of EDM machine tools do not provide adapted technologies 
for processing J-TiAl alloys, so end users are forced to configure and develop specific EDM processes by themselves. Therefore it is 
indispensable to develop fundamental knowledge about EDM-machining of J-TiAl alloys. To acquire this knowledge the interdependency of 
material, process-related parameters and productivity is examined. The analysis is focusing on two different J-TiAl alloys. 
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1. Introduction 
Turbines used in energy and aerospace industry are facing 
rising temperatures to increase their efficiency. Intermetallic 
titanium aluminides, especially based on the gamma phase, are 
known for their outstanding physical properties such as 
mechanical strength, oxidation and corrosion resistance at 
high temperatures, thus they have found application in 
commercial aviation [1]. Nevertheless the outstanding 
mechanical properties of gamma titanium aluminides (J-TiAl) 
complicate their machinability by cutting processes 
tremendously. Like other common materials for 
turbomachinery components these materials have high specific 
strengths in a large temperature range (Fig. 1). On top of that 
their low thermal conductivity and brittle deformation 
behavior result in high tool wear, reduced productivity, less 
accuracy and thus increasingly inefficient cutting processes. 
Final surface integrity is often characterized by thermo-
mechanically altered or even damaged rim zones [2], [3]. 
 
Fig. 1. Specific strength of materials for turbomachinery components as a 
function of working temperature [4]. 
EDM processes are a promising alternative for the 
machining of gamma titanium aluminides. These processes 
excel by their independency of the processed material’s 
mechanical properties. This makes especially structures with a 
high aspect ratio in turbine blades made out of J-TiAl viable to 
be machined by Sinking-EDM processes [5], [6]. 
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EDM machine tool manufacturers do not provide adapted 
machining technologies for the machining of those materials 
yet. Thus, the utilization of technological as well as 
economically suitable manufacturing technologies is of great 
interest and in focus of this research [2]. 
This paper subjects experimental research about Sinking-
EDM-processing geometries with a high aspect ratio in the 
two different gamma titanium aluminides 45XD and  
GE 48-2-2. The objective of this research is to examine 
realizable material removal rates and volumetric relative wear 
and besides that to analyze surface integrities of processed 
cavities.  
2. The Application 
2.1. Seal Slots 
Turbines, both in aviation and energy sector, include high 
speed rotating parts, which are subjected to extraordinary 
impacts of heat, pressure and forces. Since turbine blades 
need to be manufactured separately due to their geometries 
and materials that differ from the rotor’s material, joints in 
between the blades result in pressure and thus energetic 
losses.  
 
Fig. 2. Examples of seal slots in turbine blades [8]. 
 
The inefficiencies through energetic losses can be 
effectively reduced through slots integrated in these joints that 
are filled with metal plates, finally sealing the joints with little 
force when the turbine blades are merged on the rotor. [7], [8] 
2.2. Materials 
The addressed materials are two standard gamma titanium 
aluminides with the following mechanical properties (Table 
1).  
Table 1. Examined gamma titanium aluminide grades [9]. 
 Temp. / °C GE 48-2-2  45XD 
Density ρ / (g/cm³) 20 3.9 3.9 
Tensile strength  20 413 670 - 720 
Rm / MPa 760 430 510 
Elongation at break A / % 20 2.3 1.5 
The low elongation at break is a sign for brittle material 
behavior, which affects the chip formation in cutting 
processes and therefore tool wear negatively. For example, 
the tensile strength of GE 48-2-2 even rises with a higher 
temperature, which is good for the application in turbine 
blades. Besides that, a density of ρ = 3.9 g/cm³ results in very 
high specific strengths. The chemical compositions of the 
materials are listed in Table 2: 
Table 2. Chemical composition of the examined J-TiAl [9]. 
 Ti Al  Cr Nb Mn TiB2 
GE 48-2-2 48 48 2 2   
45XD  50.2 45  2 2 0.8 
Both titanium aluminides are casted materials. The 
titanium aluminide 45XD is precipitation-hardened through 
exothermic dispersion: bor reacting with titanium to titanium 
borides (TiB2) - fine and extremely hard particles that 
decrease machinability by cutting processes further [9], [10]. 
3. Experimental Setup 
This research has been performed on a modern Sinking 
EDM machine tool (GF Machining Solutions Form 2000) 
with the newest generator technology Intelligent Power 
Generator (IPG) and the oil based dielectric oelheld IonoPlus 
5000.  
For the general application – seal slots in turbine blades – 
an electrode geometry was designed that is comparable to 
common seal slot geometries. The front area of the tool 
electrode is sized A = 0.9 * 50 mm², which results in the 
desired high aspect ratio of 10 by choosing a plunging depth 
of 9 mm. The used electrode material is a standard graphite, 
SGL 8510 (Grit size D = 10 μm). The experimental setup can 
be seen in figure 3. 
 
Fig. 3. Schematic experimental setup 
 
After the erosion both electrode and workpiece are cut 
transversely by Wire-EDM to examine exact geometric 
shapes of the worn electrode and the processed cavity. This 
makes it possible to determine tool wear, cavity volume and 
thus material removal rate. The machining parameters such as 
open circuit voltage (ûi), average discharge current (ie), pulse 
duration (ti) and pause duration (t0) are set in the machine 
tool. 
4. Experimental Results Processing Seal Slot Geometries 
4.1. Determination of the Optimal Duty Factor 
The duty factor τ is a key parameter for reaching the 
maximum possible productivity. It describes the ratio between 
the pulse duration ti and the pulse cycle time tp (sum out of 
pulse duration ti and pause duration t0). So keeping a constant 
duty factor in the roughing operation higher pulse durations 
result in proportionally higher pause durations, which can be 
essential for the dielectric to deionize itself within the 
working gap. A result of dielectric that has not been deionized 
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enough are bad discharges that do not participate in the 
material removal process efficiently [5]. 
To find an approach for the optimum, the duty factor has 
been varied while the pulse duration has been held constant, 
which basically increases the pause duration with lower 
values. As the front surface is constant lower duty factors 
result in lower discharge frequencies per area. Figure 4 shows 
material removal rate Vw (short: MRR) as a function of the 
duty factor τ with the given boundary conditions. 
 
Fig. 4. Influence of the duty factor on material removal rate. 
Pretests had shown that the maximum MRRs processing 
GE 48-2-2 correlate with both ûi and ie, so these parameters 
have been set to the maximum possible values the generator 
can provide to evaluate an optimum for the duty factor. The 
pulse duration ti = 75 μs is a result of pretests on the material 
GE 48-2-2 with a small duty factor. The material removal 
rates have been determined by geometric analysis of the 
processed cavities in combination with the processing times.  
It can be concluded that higher discharge frequencies per 
area (higher duty factor) do not necessarily result in higher 
material removal rates. So it can be assumed that deionization 
is the most efficient with a duty factor τ = 0.5 since the 
maximum of MRR is reached there.  
4.2. Analysis of Material Removal Rates and Tool Wear 
Continuing with the approach for the optimum duty factor 
of τ = 0.5 with the pulse duration ti = 75 μs material removal 
rates have been examined processing GE 48-2-2 varying both 
average discharge current and open circuit voltage. As 
figure 5 shows, both current ie and voltage ûi increase MRR 
independently. Nevertheless, average discharge current ie has 
a greater influence on MRR than open circuit voltage ûi. 
 
Fig. 5. Influence of voltage and current on material removal rate. 
The influence of open circuit voltage on MRR rises with 
higher average discharge current (thus the gradient of each 
curve increases), which can be explained by a rising energy 
input through higher current levels. For example the linear 
compensation curve for ie = 20 A has a gradient of 
0.0560 mm³/(min*V), while the same curve for ie = 40 A has 
a gradient of 0.0863 mm³/(min*V). As a preliminary 
conclusion it can be stated that the most productive set of 
parameters processing GE 48-2-2 includes the maximization 
of average discharge current ie and open circuit voltage ûi. 
These prior investigations did not focus on tool wear, 
which usually increases with the process’ overall energy 
input. Figure 6 shows especially the interdependency between 
average discharge current ie and volumetric relative wear ϑ for 
two different levels of open circuit voltage. The tool wear has 
been determined by measuring cavities and tool electrodes 
using microscopy. 
Outstanding is the fact that the more productive process 
with the highest open circuit voltage ûi overall achieves less 
volumetric relative wear (VRW) ϑ. This can be a result of a 
greater working gap with higher open circuit voltages (cp. [5]) 
and thus a better flushing.  
In [5] and especially [11] and [12] it is described that rising 
average discharge currents lower the volumetric relative wear 
(graphite tool electrodes processing steel). This 
interdependency cannot be identified in processing gamma 
titanium aluminides. 
 
Fig. 6. Material removal rate and volumetric relative wear as functions of 
average discharge current for two values of open circuit voltage. 
Figure 7 shows a comparison of achieved material removal 
rates between the subjected gamma titanium aluminides as 
well as common materials used for high temperature turbine 
components such as the nickel based alloys Inconel 718 and 
MAR-M247. The titanium based alloy Ti-6Al-4V has been 
included as well. The technologies have been adapted for each 
material to achieve highest MRRs.  
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Fig. 7. Realized MRRs of the titanium aluminides compared to those of two 
nickel based alloys for applications in turbine blades. 
The differences in average productivities between 
processing the gamma titanium aluminides and the nickel 
based alloys are comparably small. GE 48-2-2 and  
MAR-M247 achieve the highest MRRs with  
Vw,GE 48-2-2 = 58 mm³/min and Vw,MAR-M247 = 67 mm³/min, 
respectively. Processing 45XD and Inconel 718 the achieved 
MRRs are almost the same with approx. Vw = 45 mm³/min. 
Another comparison is given by the titanium alloy Ti-6Al-4V 
with an achieved MRR of Vw = 48 mm³/min. 
Comparing the MRRs, it can be stated, that the lightweight 
titanium aluminides can be processed almost equally as 
productive compared to heavier nickel based alloys and as 
productive as the titanium alloy Ti-6Al-4V. The tool wear has 
not been in the focus of this comparison, but is below 2% for 
the titanium aluminides and nickel based alloys. Processing 
the titanium alloy results in significantly higher tool wear of 
ϑ > 30% while the tool electrode’s polarity here is the only 
negative. Research [12] has pointed out that negative polarity 
of the tool electrode is more efficient than a positive one in 
terms of tool wear and removal rates processing the alloy Ti-
6Al-4V. The experiments presented here have shown, that, 
reversing the polarity processing the J-TiAl GE 48-2-2, tool 
wear increases and productivity drops as seen in figure 8. 
 
Fig. 8. Effect of tool electrode’s polarity on volumetric material removal rate 
and relative wear processing J-TiAl. 
An equal correlation can be expected processing 45XD 
based on prior results. So it can be assumed that EDM-
processing J-TiAl is not comparable to EDM-processing 
titanium alloys in this case. 
4.3. Analysis of Roughed and Finished Surface Qualities 
and Geometric Accuracy 
Besides tool wear and productivity the surface roughness is 
an indicator for the quality of the generated cavities and thus 
of the process itself. Varying both open circuit voltage and 
average discharge current for the roughing process shows no 
significant influence on the average roughness values. 
Figure 9 shows this result of varying the voltage. The average 
roughness values are between Ra >  9 μm and Ra < 10.5 μm. 
 
Fig. 9. Average roughness values for different open circuit voltage values. 
A plausible explanation for this non-existent correlation is 
that the high discharge energies of the applied roughing 
strategies exceed a certain level, above which crater volumes 
and diameters do not have an influence on the roughnesses 
anymore. This needs to be confirmed by looking at finishing 
strategies, since these actually generate the final surface 
qualities and reduce recast layer thicknesses.  
Figure 10 shows the influence of different EDM 
technologies on surface roughness on the slot bottom and 
processing times. Finishing technologies include prior 
roughing. The duty factor has been lowered by 0.1 down to 
τ = 0.4 increasing the pause duration minimally with no 
significant impact on the surface roughnesses. The processed 
material is 45XD. Nevertheless the average roughness after 
roughing 45XD is similar to the prior result on GE 48-2-2, 
approx. Ra = 10 μm. Finishing strategies include lowering 
both open circuit voltage and average discharge current, since 
lower discharge energies result in less discharge crater 
volumes and diameters, thus in lower surface roughness 
values. Fine finishing strategies involve the lowest currents, 
which rise the processing time significantly due to low 
material removal rates. 
 
Fig. 10. Average roughness and processing time for roughing and finishing 
strategies. 
Figure 11 shows a rim zone view of a slot bottom after 
roughing and fine finishing using a single electrode. Pulse 
duration and average discharge current have been lowered 
significantly down to ti = 10 μs and ie = 1 A, respectively. The 
duty factor has been lowered by 0.1 on the last finishing step 
to increase pause durations for a better deionization. The 
finishing technologies’ feed motion has been superposed by a 
perpendicular translatory motion, thus planetary erosion 
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finishing takes place. The top left shows the whole slot 
bottom. The measured wideness of the slot is b = 1.3 mm, 
which leaves an average undersize of 0.2 mm. The average 
white layer thickness was determined as 15 μm and can be 
seen in the three bottom pictograms. White layer and cracks in 
the rim zone can be results of EDM-processed surfaces [2], 
[5]. Causes for these cracks are tensile stresses from the heat 
affected zone [13], [14]. In the bottom right a crack is visible, 
that begins in the top of the white layer and ends in the base 
material with a length of approx. l = 22 μm. 
 
Fig. 11. Rim zone view of the slot bottom after fine finishing. 
The major effect of tool wear is the lowering accuracy. The 
rectangularly shaped edges of the tool electrode successively 
wear to a rounding through locally higher discharge 
frequencies. The processed cavity here consequently has a 
radius at the bottom of approx. R = 500 μm. Following 
finishing technologies can only compensate this by dressing 
or replacing the tool electrode [5]. 
To compensate this disadvantage in accuracy, the tool 
electrode used for roughing has been replaced by a new one 
used for the following finishing steps. Figure 12 mainly 
shows the effect of this approach. Additionally, the open 
circuit voltage has been lowered further to reduce the lateral 
and frontal working gaps and increase geometric accuracy. 
The radius of the slot bottom is lowered to appox. 
R = 320 μm, while the wideness of the slot increased up to 
b = 2 mm. The greater wideness is the result of the planetary 
erosion finishing with a significantly greater translatory 
movement. The white layer thickness is not reduced further 
though. 
 
Fig. 12. Rim zone view of the slot bottom after fine finishing with a new 
electrode. 
5. Conclusion 
This research has shown the possible productivities, tool 
wear and surface qualities in processing gamma titanium 
aluminides with the help of Sinking-EDM. The graphite tool 
electrodes used had a slim front surface (Ael = 50 x 0.9 mm²) 
to process high aspect ratio cavities with a chosen plunging 
depth of lE = 9 mm. The cavities are similar to those used for 
seal slots in turbine blades. 
The gamma titanium aluminides GE 48-2-2 and 45XD 
have a significantly different machinability by EDM 
processes compared to common titanium alloys. Tool wear 
has been identified to be below ϑ = 2% after roughing for a 
plunging depth of 9 mm with an optimized technology and is 
in the same range with that of nickel based alloys, whereas 
tool wear processing Ti-6Al-4V is ϑ > 30%. Compared to 
nickel alloys (Inconel 718 and MAR-M247) and titanium 
based alloys the possible material removal rates are almost at 
the same level, cp. Table 3.  
Table 3. Realized material removal rates EDM-processing different alloys. 
 GE 48-2-2 45XD MAR-M247 INC718 Ti6Al4V 
MRR Vw / 
(mm³/min) 58 45 67 45 48 
Geometric accuracy suffers from tool wear on the tool 
edges and can be optimized especially by using new tool 
electrodes for finishing steps and using planetary erosion 
finishing strategies. 
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